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CalorimetryAbstract Nontronite is an important phyllosilicate with a high concentration of ferric iron in the
octahedral layer. A new occurrence of Brazilian nontronite sample was used for the organofunc-
tionalization process with 3-aminopropyltriethoxysilane. Due to the increment of basic centers
attached to the pendant chains, the metal adsorption capability of the ﬁnal chelating material,
was found to be higher than its precursor. The ability of these materials to remove Pb2+, Mn2+,
and Zn2+ from aqueous solutions was followed by a series of adsorption isotherms at room tem-
perature and pH 6.0, in batch adsorption experiments in order to explain the adsorption mecha-
nism. In order to evaluate the phyllosilicate samples as adsorbents in a dynamic system, a glass
column was fulﬁlled with nontronite samples (1.5 g) and it was fed with 2.1 mmol dm3 divalent
cations at pH 6.0. The energetic effects caused by metal cations adsorption were determined
through calorimetric titrations. The effects of three divalent metals adsorption in the zero point
of charge of each material were investigated.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Smectite types belong of the group of clay minerals, which
expand upon contact with strongly hydrated media such as
ethanol and methanol. In ferruginous smectites, some or allthe aluminum atoms localized in the octahedral layer are re-
placed with Fe3+ (Frost and Kloprogge, 2000); the ferruginous
smectite type is called nontronite. Nontronite is an important
phyllosilicate with layered morphology in industrial applica-
tions due to its unique physical and chemical properties,
including gellants and absorbents. The ideal structural formula
for nontronite is (Mx
+nH2O)(Fe4
3+)(Si4xAlx)O20(OH)4,
where Mx
+ is a monovalent cation that counterbalances the
layer charges (Sun et al., 2012; Dekov et al., 2007; Jaisi
et al., 2007; Ding and Frost, 2002; Keeling et al., 2000). A
potentially important adsorbent of divalent metals and other
toxic pollutants is layered silicate, such as smectite types.
The strong propensity of heavy metals to form complexes
with various natural organic molecules facilitates the fast
Nomenclature
Nf the maximum adsorption capacity of the adsor-
bent (mmol g1)
CS metal concentration at equilibrium (mmol dm
3)
NL amount of adsorbate adsorbed at the equilibrium-
Langmuir (mmol g1)
KL Langmuir afﬁnity constant (dm
3 mmol1)
KF Freundlich constant related to adsorption capacity
[mmol g1(mmol dm3)1/nF]
nF dimensionless exponent of Freundlich equation
NS amount of adsorbate adsorbed at the equilibrium-
Sips (mmol g1)
KS Sips constant related to the afﬁnity constant
[(mmol dm3)-1/nS]
ARP the Redlich–Peterson constant (mmol dm
3)g
g dimensionless exponent of Redlich–Peterson equa-
tion
KRP Redlich–Peterson constant (dm
3 g1)
nS dimensionless exponent of Sips equation
Nt amount of adsorbate adsorbed at time t
(mmol g1)
NE amount of adsorbate adsorbed at the equilibrium-
kinetic (mmol g1)
kAV Avrami kinetic constant (min
1)
t time of contact (min)
kf pseudo-ﬁrst-order rate constant (min
1)
ks pseudo-ﬁrst-order rate constant (g mmol
1 min1)
a the initial adsorption rate (mg g1 h1) of Elovich
equation
b Elovich constant related to the extent of surface
coverage and also to the activation energy in-
volved in chemisorption (g mg1)
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trial efﬂuents may present an eco-toxic hazard and introduce
the potential danger of bioaccumulation. The adsorption of
heavy metals on clay surfaces has become an important
subject of continuously growing interest (Manohar et al.,
2006).
Numerous studies have reported that biological systems in
some rivers of the important regions of the planet are contami-
nated with divalent metals from illegal and inopportune mining
and industrial operations. Pb2+,Mn2+, and Zn2+ are classiﬁed
as toxic elements for the living organisms and dangerous side ef-
fects aremanifestedwhen thesemetals are present in higher than
permissible limits (Elinder, 1986). The adsorption processes of
divalent metals and other pollutants by silicates such as: smec-
tites, kaolinites, and nontronite are in the ﬁeld of puriﬁcation
of industrial efﬂuents and the removal of environmentally
harmful components fromwaste streams. In the adsorption pro-
cess, an adsorbate is anchored on the layer surface of a reactive
adsorbent by van der Waals forces, electrostatic forces, and the
formation of chemical bonds. The characteristics of the adsorp-
tion phenomenon are inﬂuenced by surface porosity of the
adsorbent, density and size of pores, ﬁssures and defect of adsor-
bent crystals such as Frenkel defect, liner and/or planar defects,
clusters and interactions between adsorbent-adsorbate couples
and outer inﬂuencing agents (Leppa¨ja¨rvi et al., 2012; Manohar
et al., 2006; Bowen et al., 2004; Noble and Terry, 2004; Guerra
et al., 2013).
The purpose of this publication is to report the results on a
new occurrence of nontronite clay before and after carbon–
nitrogen silane was anchored, mainly on the adsorption process.
Divalent metal-reactive basic center carbon and nitrogen inter-
actions were calorimetrically investigated, in order to under-
stand the inﬂuence of the counter-anion in the chelating effect
on adsorption processes better. The adsorption isotherms of
Pb2+,Mn2+, and Zn2+ from aqueous medium at room temper-
ature were explored, bearing in mind the inﬂuence of different
parameters such as solution pH, contact time, and competitive
adsorption with binary mixtures. Natural phyllosilicate sample
has been chemically modiﬁed with 3-aminopropyltriethoxysi-
lane (APS) using the homogeneous route. The performance in
adsorbing divalent cations from original water under dynamicﬂow (column) conditions was also studied and the results con-
ﬁrmed the batch experiments. The spontaneity of these systems,
reﬂected in the negative Gibbs free energies and the favorable
positive entropic values, agrees with the displacement of coordi-
nated solvent molecules as the functionalization takes place.
The zero charge points of materials were investigated before
and after APS and divalent metal interactions.2. Materials and methods
2.1. Raw material and reagents
The phyllosilicate sample used in this investigation was ob-
tained from Governador Valadares and Arac¸uaı´ region in
northeastern Minas Gerais State, Brazil. The natural nontro-
nite sample was named NON. With less than 2 lm particles,
it was separated by sedimentation and color varying from dark
yellow to light orange, this variation of coloration in the sam-
ple can be attributed to the high content of iron in the nontr-
onite structure. The nontronite types are divergent in terms of
trivalent iron site occupancy and the natural reduction in the
depositional medium [4]. The nontronite formulas are pub-
lished by Keeling et al., 2000 with FeX, xﬁ 3.68–3.83. The ori-
ginal clay sample was activated in a stream of dry nitrogen by
heating at 423 ± 1 K for 10 h, this procedure aims to expose
the reactive sites in inaccessible regions in the structure of
the original nontronite and used immediately.
The compound {3-aminopropyltriethoxysilane [H2N(CH2)3
Si(OC2H5)3] (APS) (95.00%, d= 1.00 gcm
3 at 298 ± 1
KL1, Sigma–Aldrich} was used without puriﬁcation. Other
chemicals such as methanol and ethanol were of reagent grade.
Stock standard solutions 5000.0 mgdm3 of Pb2+, Mn2+, and
Zn2+, were obtained from primary-standard metal chlorides
(99.998%, Merck). Double distilled deionized water (DDW)
was used for the preparation of solutions, wherever required.
2.2. Organofunctionalization of nontronite
A sample of 5.0 g of NON was heated for 5 h at 383 ± 1 K un-
der vacuum, and then immersed in approximately 60 cm3 of
Table 1 Isotherms equilibrium and kinetic adsorption
models.
Adsorption models Nonlinear equations
Isotherms equilibrium models
Langmuir Nf ¼ NLKLCS1þKLCS
Freundlich Nf ¼ KFC
1
nF
S
Sips Nf ¼ NSKSC
1
nS
S
1þKSC
1
nS
SRedlich–Peterson Nf ¼ KRP S1þARPCgS
Kinetic models
Avrami Nt ¼ NE½1 exp ½ðkAVtÞnAV 
Pseudo-ﬁrst-order Nt ¼ NE½1 expðkftÞ
Pseudo-second-order Nt ¼ NE2kst1þksNEt
Elovich Nf ¼ 1b lnðabÞ þ 1b lnt
S554 D.J.L. Guerra et al.toluene and 5.0 g (41.10 mmol) of APS was added. The suspen-
sions were kept under reﬂux and mechanically stirred for 72 h
at 363 ± 1 K. The ﬁnal product, NONAPS was ﬁltered, washed
with toluene and ethanol, and dried under vacuum at
295 ± 1 K for 15 h, this procedure aims at conservation of
reactive sites obtained by the organofunctionalization process.
2.3. Characterization methods
Elemental analysis (%C, %H, and %S) was determined on a
Perkin–Elmer 2400 Series II microelemental analyzer, and at
least two independent determinations were performed for the
modiﬁed ferruginous silicate sample.
Brunauer–Emmett–Teller (BET) surface areas were ob-
tained from nitrogen adsorption/desorption in a Micromeritics
ASAP 2000 BET surface analyzer system at 77 K and were de-
gassed at 385 K. The mesopore size distribution was obtained
by applying the Barret–Joyner–Halenda (BJH) method to the
adsorption branch of the isotherm.
The density of clay samples was measurement using a
Micrometrics Accupyec 1330 helium gas pycnometer. The
analyses were performed at 298 ± 1 K and 1 · 103 psigmin1
equilibrium rate.
Sample porosity was measured using a Micrometrics 9400
porosimetry. A 50,000 lm Hg evacuation pressure was utilized
for the low-pressure phase, 60 min evacuation time and 30 s
equilibrium time, both for the low and high-pressure phases.
The cation exchange capacities (CEC) of natural and mod-
iﬁed nontronite clay samples were followed by the ammonium
acetate method with a concentration of 2.0 mol dm3 at pH
8.0.
X-ray powder diffraction (XRD) patterns were recorded
with Philips PW 1050 diffactometer using Cu Ka (0.154 nm)
radiation in the region between 2 and 60 (2h) at a speed of
2 per min and in steps of 0.050.
The potentiometric method was used to measure the sur-
face charge density ro at different pH. A Systronic pH meter
model 362 l was employed to measure the pH of the solution.
2.4. Batch adsorption study
The adsorption experiments were performed through the
batchwise method by suspending a series of 20 mg samples
of the solid, in 20.0 cm3 aqueous solutions of metal ions at con-
centrations varying from 0.125 to 2.500 mmol dm3, under
orbital stirring for 24 h at 298 ± 1 K (Koyuncu et al., 2007;
Guerra et al., 2006). The solid was separated by centrifugation
and samples were carefully pipetted from the supernatant solu-
tions for cation determination. Divalent metals concentration
changes were recorded with a GBC-908 Atomic Adsorption
Spectrometer (GBC Scientiﬁc Equipments Pvt Ltd.). Hollow
cathode lamps of Pb2+ (k= 217.00 nm, analytical
line = 283.30 nm), Mn2+ (k= 279.48 nm, analytical
line = 403.08 nm), and Zn2+ (k= 213.86 nm, analytical
line = 307.59 nm) of the same manufacturer, were used as
the radiation source.
Proﬁles of the obtained adsorption isotherms were repre-
sented by the number of moles adsorbed (Nf) (mmol g
1),
versus the number of moles at equilibrium per volume of solu-
tion (CS) (mmol dm
3). The amounts of the three metals taken
up by solutions with initial concentration of metals by theadsorbents were calculated by applying the Eq. (1), for a series
of isotherms:
Nf ¼ ðC0  CSÞV
m
ð1Þ
where C0 (mmol dm
3) is the initial divalent metal concentra-
tion put in contact with the adsorbent, V (dm3) is the volume
of metal solution put in contact with the adsorbent and m is
the mass (g) of the absorbent. The data reveal that the adsorp-
tion process conforms to the Langmuir (1918); Freundlich
(1906); Sips (1948), and Redlich-Peterson (Wu et al., 2010)
models. The isotherm equations are given in Table 1.
The effect of pH on adsorption for all phyllosilicate sam-
ples was evaluated by varying this parameter over the range
from 1.0 to 11.0 for experiments with each metal, separately
and 1.0 to 9.0 for experiments with the binary mixture, adjust-
ment of pH was made with the addition of 0.10 mol dm3 of
nitric acid or sodium hydroxide. The pH of the solutions
was measured using a pH/Ion Analyzer, model 450 M.
2.5. Column adsorption study
A glass column of 15.0 cm length and 0.50 cm internal diame-
ter containing a porous sintered glass disk at the bottom and a
Teﬂon stopcock was packed with 1.00 g of nontronite samples,
which occupied 5.0 cm3 of this column. Above the packing
material, the column was fulﬁlled individually with
2.0 mmol dm3 of the divalent metals at pH 6.0. The efﬂuent
column ﬂow-rate was adjusted to 3.5 cm3 min1 and the height
of the metallic ion above the silicate adsorbents, was kept con-
stant by feeding the column with a peristaltic pump. The col-
umn efﬂuents were collected at each 50.0 cm3 and metallic
ions contents were determined using a Flame Atomic Absorp-
tion Spectrometry (Analyst 200, Perkin–Elmer).
In order to determine the mass transfer zone (MTZ), the
amount of used and total removal was calculated, which cor-
responds to the adsorption capacity until the breakthrough
point (qU) and saturation point (qT). Eqs. (2) and (3) were ob-
tained though mass balance in the column using its saturation
data based on its breakthrough curves, where the area below
the curve (1Ct/C0) until the breakthrough point is propor-
tional to qU, and until the bed exhaustion is proportional to
qT (Ernest et al., 1997):
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C0V
1000m
Z tb
0
1 CjZ¼L=C0ð Þdt ð2Þ
qT ¼
C0V
1000m
Z ttot
0
1 CjZ¼L=C0ð Þdt ð3Þ
where qU is the amount of adsorbent metal per unit of adsor-
bent mass up to the breakthrough point (mg g1), C is the
metal concentration in a solution in the column outlet
(mg L1), C0 is the initial metal concentration in the liquid
state (mg L1), m is nontronite clay, tb is the time until break-
through point (min), and ttot is the time for total removal
(min).
Mass transfer zone (MTZ) can be calculated based on the
qU/qT ratio according to Eq. (4). MTZ has a maximum value
which corresponds to the bed height (HL):
MTZ ¼ HLð1 qU
qT
Þ ð4Þ2.6. Thermodynamic
The thermal effects from adsorption reaction were followed
by calorimetric titrations using an isothermal calorimeter,
Model LKB 2277, from thermometric. In this titration, the
metallic solution is added to a suspension of about 20 mg
of the ferruginous silicate samples in 2.0 cm3 of DDW, under
stirring at 298 ± 1 K. For each calorimetric titration about
20 mg of original and modiﬁed nontronite samples was sus-
pended in a steel ampoule and stirred at 298 ± 1 K. After
equilibrium was established, as demonstrated by the base line,
the cation solution was incrementally added in a previously
programed procedure at intervals of 1.5 h, using a microsy-
ringe coupled to the calorimetric vessel. For each increment,
the thermal effect (RQt) was recorded, and after a sequence,
constant thermal effects were obtained as expected for the
end of such an operation. The same procedure was employed
to monitor the thermal effect of cation dilution (RQd) in the
calorimetric solvent. The effect of water on the original and
anchored nontronite structure was noted as a null value
(RQh). By combining these two output thermal effects, the
net (RQr) value was determined using the Eq. (5) (Guerra
et al., 2011a, 2009; Chen et al., 1996):X
Qr ¼
X
Qt 
X
Qd 
X
Qh ð5Þ3. Results and discussion
3.1. Characterization
The degree of immobilization of organic molecules on the
nontronite structure was determined by considering the ele-
mental analyses data. The investigation about APS moieties
bonded to the inorganic nontronite clay structure was ob-
tained from C.H.N. analysis as presented in Table 2. Based
on these values, the corresponding amount of nitrogen con-
tent in the organic pendant molecule covalently bonded to
backbone structure was calculated as 8.81 mmol per gram
of ferruginous phyllosilicate (d), which is equivalent to 1.75
of these molecules bonded per gram of inorganic polymeric
structure (NONAPS). Smectite type nontronite has consider-
able control on the physical and chemical characteristics of
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Figure 2 XRD patterns for original (a) and modiﬁed nontronite
(b) samples.
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Figure 1 Nitrogen adsorption–desorption isotherms of original and modiﬁed nontronite samples obtained by BET method: NON (m),
NONAPS (d).
S556 D.J.L. Guerra et al.soil environment. Because of its reactive surface, nontronite
has acid reactivity. The modiﬁed nontronite has a high surface
area and basic/acid reactivity; these original properties were
optimized for the density of organic molecules on the NON
structure.
The real density of NON was modiﬁed in approximately
136% and porosity was increased in approximately 227%
(see Table 2). The BET surface areas of the original and mod-
iﬁed ferruginous silicate samples demonstrated that chemical
modiﬁcation caused the formation of micropores in the solid
particles, resulting in an increased value of original speciﬁc sur-
face area, revealing 531.0 m2g1 for NONAPS and relative to
the original NON sample with 93.0 m2g1. The pore diameters
change in the same direction, varying from 19.1 nm for the ori-
ginal to 51.8 nm for the anchored nontronite clay. The textural
properties of original and modiﬁed nontronite samples are re-
ported in Table 2, which depends on particle size shape, and
distribution of cracks and pores in the material, and therefore,
cannot be represented as a general characteristic of a particular
type of material. The BET surface is relatively high compared
to outer occurrence of nontronite clay, for comparison, Table 2
also summarizes some physical properties of clay fraction and
reference nontronite samples (Jaisi et al., 2007; Wang and
Huang, 1989). The adsorption–desorption isotherms of gas-
eous nitrogen of the natural and modiﬁed clay samples are
of type IV according to the I.U.P.A.C. classiﬁcation and have
an H1 hysteresis loop that is representative of materials with
pores of constant cross-section (Sing, 1982). The volume ad-
sorbed for all isotherms at a relative pressure (P/P0) of approx-
imately 0.5, which represent capillary condensation of nitrogen
within the uniform mesopore structure, is illustrated in Fig. 1.
Micro/meso porosity can be studied with the N2 isotherms and
meso/macro porosity can be studied with porometry. The com-
parison of these methods was necessary; these materials canhave porosity formed by several types and sizes of pores local-
ized in the structure of clay mineral samples (see Table 2).
The cation exchange capacities (CEC) of NON and NON-
APS are presented in Table 2. The cation exchange capacity of
clay mineral is attributed to structural defects, broken bonds
and structural hydroxyl transfers. Intercalation process in-
creases the total number of exchange sites marginally in nontr-
onite and the detachment of layers in the original structure of
nontronite that was caused by the input of silane molecules,
this layer detachment can be caused by imbalance of charges
between the layers. The diminution of iron perceptual in the
structure of original nontronite, with organofunctionalization
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Figure 3 Effect of concentration on (a) isotherms calculated by equilibrium models (b), contact time (c), pH effect (d), isotherms
calculated by kinetic models (e) on cations adsorption onto unmodiﬁed and modiﬁed nontronite samples from aqueous solution and
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alteration (Zhang et al., 2007).
XRD patterns of natural and modiﬁed nontronite (Figs. 2a
and b) exhibit 001 reﬂections corresponding, in the case of ori-
ginal nontronite, to a basal spacing of 1.487 nm due to the
presence of Fe2+, Mg2+, and Fe3+ cations and water mole-
cules present between the nontronite layers, the thickness of
which is 0.860 nm (Fig. 2a), whereas, after the chemical mod-
iﬁcation process, the basal spacing increased to 1.991 nm be-
cause of the effective intercalation of the amine molecules in
the interlayer space (Fig. 2b). The great inﬂuence of the num-
ber of n-alkylamine ions on the surface and on the constitution
and distribution of the ions was reported previously by Zhang
et al. (2007). The mass fraction of intercalated phyllosilicate
can be estimated as the relative intensities of the diffraction
originating from the ‘unchanged’ and the ‘expanded’ layers.
In the intercalated sample, the degree of intercalation reaction
could be estimated as 93%, indicating that the 3-aminopro-
pyltriethoxysilane molecules are arranged in monolayers be-
tween the phyllosilicate layers.
3.2. Effect of concentration and time variation (kinetic of
adsorption)
The adsorption isotherms describe the relationship between
the amount of pollutant species taken up by the porous and
reactive chelating material and the adsorbate concentration
remaining in aqueous medium. The analysis of the equilibrium
data is essential to develop an equation which precisely repre-
sents the results and which can be used for design purposes.
The metals adsorption on original and modiﬁed nontronite
samples is shown in Fig. 3a. The inﬂuence of the reactivegroups on the inorganic structure is clearly reﬂected in adsorp-
tion isotherms due to different basic centers attached to the
surface of clay samples, as outlined by the saturation process
(Jaisi et al., 2007; Zhang et al., 2007; Wang and Huang,
1989). Based on the structural features presented by basic
groups on phyllosilicate surfaces, the adsorption can be related
directly to the available hydroxyl atoms in the original nontr-
onite and carbon and nitrogen atoms in the APS that were an-
chored in the NON structure. The four isotherm equilibrium
models, Langmuir, Freundlich, Sips, and Redlich–Peterson,
were tested for analyses of the experimental data (Table 3).
The Sips non-linear adsorption model was the major statistic
approximation with data obtained experimentally in batch
adsorption studies, in this context; this model was further rep-
resentative for explaining the signiﬁcant capacity of these
materials to quantify divalent metal interactions on these inor-
ganic and hybrid structures, as illustrated in Fig. 3b. The val-
ues are listed in Table 3. The adsorption capacities of material
samples may depend on the nature of the complex formed on
the surface of the silicate (Lazarin and Airoldi, 2009; Moradi
et al., 2009; Chornaya et al., 2008; Weng et al., 2007). The
maximum levels of uptake of Pb2+, Mn2+, and Zn2+, Nf
max,
for phyllosilicate forms were listed in Table 3, these values
were obtained experimentally, with the highest values for
two phyllosilicates from samples, the NONAPS sample
presented major afﬁnity of divalent cations, also showing an
increase with a variation of divalent metal concentrations.
The amount of Pb2+, Mn2+, and Zn2+ ions adsorbed per
gram of phyllosilicate increased with the increase of initial me-
tal ion concentration, until it reaches the equilibrium stage.
This increase could be due to an increase in the electrostatic
interactions (relative to covalent interactions), because an
Table 3 Isotherms equilibrium and kinetic adsorption parameters (at 298 ± 1 K).
Adsorption models Parameter values
NON NONAPS
Pb2+ Mn2+ Zn2+ Pb2+ Mn2+ Zn2+
Isotherms equilibrium models
Langmuir
NL (mmol g
1) 13.329 13.015 12.269 24.799 23.256 23.098
KL (dm
3 mmol1) 0.355 0.899 0.999 0.978 0.977 0.945
R2adjusment 0.989 0.985 0.987 0.987 0.998 0.999
Ferror 0.302 0.365 0.502 0.213 0.198 0.100
Freundlich
KF [mmol g
1 (mmol dm3)-1/nF] 0.945 1.001 1.022 0.998 0.987 0.981
nF 0.555 0.233 0.766 0.375 0.378 0.783
R2adjusment 0.939 0.965 0.971 0.943 0.923 0.987
Ferror 0.615 0.406 0.390 0.501 0.798 0.267
Sips
NS (mmol g
1) 13.646 13.861 12.445 25.002 23.222 22.781
KS (mmold m
3)-1/nS 0.777 0.845 0.996 0.654 0.738 0.867
nS 0.726 0.856 0.933 0.845 0.978 0.923
R2adjusment 0.999 0.999 0.999 0.999 0.999 0.999
Ferror 0.083 0.088 0.071 0.089 0.088 0.057
Redlich-Peterson
KRP (dm
3 g1) 13.451 13.925 12.217 25.034 23.916 22.218
ARP (mmol dm
3)-g 0.812 0.889 0.951 0.984 0.988 0.993
g 0.987 0.971 0.967 0.955 0.942 0.936
R2adjusment 0.998 0.995 0.992 0.992 0.991 0.988
Ferror 0.096 0.107 0.112 0.144 0.145 0.157
Kinetic models
Avrami
NS (mmol g
1) 13.111 13.998 12.712 24.877 23.312 22.812
kAV (min
1) 0.882 0.901 0.956 0.987 0.927 0.967
nAV 0.465 0.592 0.661 0.765 0.865 0.869
R2adjusment 0.987 0.978 0.989 0.967 0.956 0.966
Ferror 0.221 0.205 0.199 0.235 0.356 0.325
Pseudo-ﬁrst-order
NS (mmol g
1) 12.953 13.938 12.781 24.823 23.401 22.901
kf (min
1) 0.841 0.967 0.933 0.867 0.675 0.845
R2adjusment 0.978 0.988 0.988 0.959 0.981 0.986
Ferror 0.299 0.109 0.108 0.281 0.219 0.245
Pseudo-second-order
NS (mmol g
1) 13.613 13.087 12.331 24.801 23.200 22.828
ks (g mmol
1min1) 0.822 0.971 0.987 0.978 0.967 0.985
h (mmol g1min1) 152.327 166.302 150.077 601.557 520.478 513.300
t½ 0.089 0.078 0.082 0.041 0.045 0.044
R2adjusment 0.999 0.999 0.999 0.999 0.999 0.999
Ferror 0.098 0.089 0.091 0.087 0.091 0.090
S558 D.J.L. Guerra et al.electrostatic ﬁeld exists around silicate layers. The effect of iso-
therm shape can be used to predict whether an adsorption sys-
tem is ‘favorable’ or ‘unfavorable’. The feasibility of the on-
going adsorption process was also evaluated by the method
suggested by Weber and Chakraborti (1974). One of the essen-
tial characteristics of the Langmuir equation and other deriv-
ative equations such as Sips could be expressed by a
dimensionless constant called the equilibrium parameter or
separation factor RS which can be calculated by Eq. (6), as ex-
pressed by:
RS ¼ 1
1þ KSC0 ð6Þwhere C0 is the highest initial solute concentration (mmol dm
3).
These are four probabilities for RS values: (i) 0 < RS < 1.0,
favorable adsorption; (ii) RS > 1.0, unfavorable adsorption;
(iii) RS = 1.0, linear adsorption; (iv) RS = 0, irreversible adsorp-
tion. Table 4 clearly shows that in all the systems the values of RS
were positive and less than unity, indicating thereby highly favor-
able adsorption in the six systems.
The kinetic studies for the adsorption process are important
in the decontamination of aqueous efﬂuents as it provides
information about the mechanism of adsorption process. The
adsorption isotherms of the natural and modiﬁed clay samples
are type L according to the classiﬁcation of isotherms
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Adsorption of divalent metals on natural and functionalized nontronite hybrid surfaces: An evidence of the chelate effect S559proposed by Ostwald and Izaguirre (1922), these isotherms are
called the Langmuir type, thus they have one the following
characteristics: (i) the adsorbed metallic molecules are most
likely to be adsorbed ﬂat and (ii) the adsorbent end-on, they
suffer little solvent competition, e.g., systems in which mono-
functional ionic substances with very strong intermolecular
attraction (Giles et al., 1960). The adsorption experimental
data for divalent metals uptake versus contact time for a ﬁxed
adsorbent amounts were presented in the Fig. 3c, giving iden-
tical abrupt increases in adsorption at low times before reach-
ing the plateaus. According to these data, equilibrium is
achieved at around 70 and 100 min for systems M2+/NONAPS
and M2+/NON, respectively. However, to be sure of the best
adsorption conditions at higher concentrations levels, to ob-
tain equilibrium at the solid/liquid interface, all the experi-
ments were carried out with 210 min of contact time. This
short time period required to attain equilibrium suggests an
excellent afﬁnity of the three divalent metals for these materi-
als, principally in the adsorption process with NONAPS from
aqueous metal solutions. When the rate of reaction of an
adsorption reaction is controlled by chemical exchange, then
a pseudo-second order model can be better adjusted to the
experimental kinetic data (Tseng et al., 2010), as expressed
by Table 3. For carrying out a set of experiments at constant
temperature (273 ± 1 K) and monitoring the amount ad-
sorbed with time, the kinetics of the adsorption process should
be known. The rate of metal uptake during the entire period of
adsorption was found to be independent of initial metal con-
centration used. The correlation coefﬁcient of the pseudo-sec-
ond-order rate equation (R2) for the regression non-linear was
approximately 0.99, which suggests that the kinetic adsorption
can be described by the pseudo-second-order rate equation
with satisfactory approximation of the experimental kinetic
curve, as illustrated in Fig. 3f.
Based on the second-order model, the initial adsorption
rate and half-adsorption time are estimated by the following
Eqs. (7) and (8) (Tseng et al., 2010):
h ¼ k2N2fEQ ð7Þ
t1
2
¼ 1
K2NfEQ
ð8Þ
The half-adsorption time t½ is another parameter and is de-
ﬁned as the time required for the adsorption to take up half as
much M2+ as its equilibrium values for three systems. Thus,
the initial adsorption rate and half-adsorption time are usually
a measure of the adsorption rate.
For determination of activation energy Ea (kJ mol
1) for
M2+ adsorption reaction, the pseudo-second-order rate con-
stant kS was expressed as a function of six different tempera-
tures Tn (298, 323, 348, 373, 393, and 413 ± 1 K) by
Arrhenius type relationship (Eq. (9)) (Yeddou and Bensmaili,
2005):
kS ¼ k0  exp Ea
RT
 
ð9Þ
where k0 is the temperature independent factor (gmol
1 min1).
From this equation and non-linear method, the rate constant
values of adsorption, k0 and the activation energy values are
presented in Table 4. These values show that adsorption
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Figure 4 Plot of pH versus log Kd for adsorption of Pb
2+, Mn2+, and Zn2+: NON (a–c) and NONAPS (d–f) (time 3.5 h and controlled
temperature in 298 ± 1 K).
S560 D.J.L. Guerra et al.processes ofM2+ by adsorbent surfaces of materials used in this
work are exothermic. These results may be explained by the fact
that the adsorption phenomena are in six systems exothermic
and spontaneous process, conﬁrming the conclusion obtained
by calorimetric study, the values of determination coefﬁcient
(R2) for calculated curves were approximately 0.999. The pseu-
do-second-order kinetic constant decreased with increasing
temperature, as illustrated in Fig. 3e, these results can be attrib-
uted to the potentization of the adsorption process with increase
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calculated with non-linear method by Adams–Bohart equation (phyll
in 298 ± 1 K).3.3. Effects of pH
Changes in pH of the medium are one of the most important
factors affecting the concentration and metal recovery proce-
dure, which is related to the formation of soluble metal com-
plexes and subsequently their stabilities in aqueous solution
(Alvarez-Puebla et al., 2004). Depending on the pH solution
metallic ions may form complexes with OH, for examples,
M(OH)n, M(OH)

n+1 and M(OH)
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Figure 8 Zero point of charge of the natural and modiﬁed nontronite after metal adsorption process NON and NONAPSPb2+ (e),
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S562 D.J.L. Guerra et al.result, metal hydroxyl species may participate in the adsorp-
tion and precipitate onto the reactive surface. It is well known
that the different metal ion species can form the metallic cat-
ions in solution as a function of pH (Alvarez-Puebla et al.,
2004).The following equations for metal ions as a function of
pH have been expected (Eqs. (10)–(14)).
½MðH20Þ6nþ þOH $ ½MðOHÞðH2OÞ5ðn1Þþ þH20; ð10Þ
½MðOHÞðHÞ205ðn1Þþ þOH
$ ½MðOHÞ2ðH20Þ4ðn2Þþ þH2O; ð11Þ
½MðOHÞ2ðH2OÞ6 $MðOHÞ2 # þ4H2O; ð12Þ
½MðOHÞnðH2OÞ6n $MðOHÞn # þð6 nÞH2O; ð13Þ
where M= Pb2+, Mn2+, and Zn2+. Precipitation of M(OH)2
on the solid surface;
½MðH2OÞ6nþ þ nOH $MðOHÞn # þ6H2O: ð14Þ
The reason for low sorption in acidic solution is the competition
between the excess of H+ ions in the medium and positively
charged cationic species in solution. Also, higher acid concen-
trations suppress hydrolysis of themetal ions. The extractability
of the metallic cation from the solution phase is pH dependent.
In the systems that involve hybrid materials and adsorbate with
acid comportment, such as NONAPS/M
n+(nﬁ 2), the adsorp-
tion capacity of inorganic–organic surface is inﬂuenced by
many factors, including solubility and molecular size of the
adsorbate, characteristics of the adsorbent, and experimental
conditions such as time mechanical agitation that adsorption
system was submitted. The adsorption global process consists
of the four single processes: (i) electrostatic retention of
[M(H2O)6]
n+, (ii) surface complexation of [M(H2O)6]
n+, (iii)
surface complexation of [M(OH)(H)2O)5]
(n1)+, and (iv) pre-
cipitation of [M(OH)2] on the solid surface. The experimentalisotherms will ﬁt to the general equilibrium equation (Eq.
(15)) (Alvarez-Puebla et al., 2004):
Nmaxf ¼ ns1 þ ns2 þ ns3 þ ns4
¼ K1n
s
mð1ÞC
1þ K1C þ
K2n
s
mð2ÞC
1þ K2C þ
K3n
s
mð3ÞC
1þ K3C þAC
b ð15Þ
where ns1 and n
s
2 are the concentrations of M
n+ (mmol) ad-
sorbed electrostatically and speciﬁcally per gram of solid mate-
rial as [M(H2O)6]
n+, ns3 is the concentration of M
n+ (mmol)
adsorbed speciﬁcally as [M(OH)(H)2O)5]
(n1)+, and ns4 is the
concentration of Mn+ (mmol) precipitated as M(OH)2 on
the material surface.
In addition, inconstancy of temperature commonly affects
the adsorption rate in the systems composed for organic inor-
ganic molecules, hydrolysis caused by the medium containing
the adsorbate, and ionization constant concurrently. Changes
in pH of the medium are one of the most important factors
affecting the concentration and metal recovery procedure,
which is related to the formation of soluble metal complexes
and subsequently their stabilities in aqueous solutions. It is
well known that surface charge of the adsorbent can be mod-
iﬁed by changing the pH of the solution and the chemical spe-
cies in the solution depends on this parameter. The divalent
metal ions were examined within a range of pH 1.0–11.0.
Fig. 3d shows the inﬂuence of pH in the adsorption process
of divalent metals onto original and modiﬁed ferruginous phyl-
losilicates. The data reveal maximum values of the number of
moles adsorbed Nmaxf around pH 5.0 for six systems. The
adsorption of metals on original and modiﬁed nontronite sam-
ples mainly occurs at pH > 5.0 for NON and pH< 6.0 for
NONAPS. The adsorption of divalent metals increases quickly
at pH < 5.0, at low pH, the aluminum, iron, and silicon could
be released into solution. Results emphasize that with increase
in pH of solution, the Nmaxf adsorbed increases for all systems.
Therefore the efﬁciency of metals on unmodiﬁed and modiﬁed
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liquid reactions. The order of metal adsorption for both the
materials was found to be Pb2+ >Mn2+ > Zn2+. The capac-
ity of NONAPS surface in adsorbing pollutant metals from
aqueous medium is based on the free pair of electrons present
on carbon atoms that compose the chain of intercalated
agents, represented as good Lewis bases of APS reactive cen-
ters. The OH groups anchored in the natural nontronite struc-
ture were also contributor agents in the adsorption capacity of
nontronite. The reason for decrease of adsorption capacity in
high pH is the competition between the excess of OH groups
in the medium and positively charged cationic species present
in solution. Also, higher acid concentrations suppress hydroly-
sis of the divalent metal ions (Xu et al., 2008).
3.4. Competitive adsorption behavior
The competitive adsorption behavior of natural nontronite
and hybrid phyllosilicate was examined at different pH, by
considering a binary mixture of M(1)n+/M(2)n+ (Pb2+/
Mn2+, Pb2+/Zn2+, and Mn2+/Zn2+) to evaluate the prefer-
ential binding ability toward divalent metals ions. It is known
that the competitive adsorption or separation of a given diva-
lent metal ion in the presence of other metal ions with the same
charge is controlled mainly by factors such as the nature of the
donating sites, the nature of the metal ion and the pH. How-
ever, other factors such as temperature and time of equilibra-
tion also play vital roles in a given uptake process. The
distribution coefﬁcient (Kd) can be taken as a representative
value for the selective measurements, if all the tested divalent
metal ions and not only the individual ions compete with each
other, in binding to the selective functional groups of the diva-
lent chelatingforming adsorbent.
The distribution coefﬁcient Kd (cm
3 g1) and the selectivity
coefﬁcient (a) were calculated according to the following Eqs.
(16) and (17) (Li et al., 2011):
Kd ¼ C1ðmmol g
1Þ
C2ðmmol cm3Þ
ð16Þ
where C1 and C2 denote the metal concentration in the solid
and solution phases, respectively.
a ¼ Kd1
Kd2
ð17Þ
where 1 and 2 denote the metal ions 1 and 2, respectively.
From the plot of log Kd versus pH of the solution, as shown
in Figs. 4a- 4f for NON and NONAPS, it could be seen that
at low pH, the distribution coefﬁcients were found to be low,
which could be attributed to the protonation of the coordinat-
ing sites as well as complete ionization of the groups. In the
present case, the logKd value for M(1)
2+ was comparatively
higher than that of M(2)2+ even at lower pH. The selectivity
coefﬁcient (a) (Li et al., 2011), often used as a measure of chro-
matographic separation process determined as a= Kd1/Kd2,
where Kd1 and Kd2 are the distribution coefﬁcients of two diva-
lent metal ions. The factor a was computed in the case of
adsorption onto two chelating materials types, for the with-
drawal of divalent metal ions from binary mixtures at pH
1.0–9.0. The results for the binary mixtures are shown in Ta-
ble 4. Analysis of these results indicated that it could be possi-
ble to separate metal ions from binary mixtures at appropriatepH of the medium. However, in the present case, the preferen-
tial extraction of Pb2+ was more favorable. Further it may be
noted that higher afﬁnity toward Pb2+ ions in a competitive
environment may also be attributed to the preferential binding
of the positionally active and non-sterically hindered donor
atoms present in the ﬁnal structure of natural and hybrid mate-
rial. This initial study highlights the positive aspect of carrying
out detailed investigations with different other divalent metal
ions in binary and ternary mixtures for its future application
in the industrial efﬂuents, that contain elevated number of
contaminants.
3.5. Adsorption study in dynamic conditions
The layer structure of the NONAPS is less stable that the NON
as signalized by the complexation of and fragmentation of the
clusters of small particles during the adsorption experiment in
dynamic conditions, Figs. 5a and b show the plots of Ct/C0
relationship versus t (min). Smaller breakthrough points
(BTPa) were determined when the divalent metal efﬂuents from
the column attained a concentration of 0.011 mg dm3. The
BTPa values are related to the capacities of the natural and
modiﬁed nontronite to retention of Pb2+, Mn2+, and Zn2+
from aqueous medium at constant temperature. The larger
breakthrough points (BTPb) are related to the complete satura-
tion of the material structure sample, in other words, the reac-
tive sites in the structure of materials were ﬁlled with divalent
metal atoms in complexation reactions. Using a dynamic sys-
tem with adsorbent reactive sites in which an inert carrier ﬂows
at a steady rate (column packed). The BTPb value expressively
indicated that the original and organofunctionalized nontro-
nite clays would be efﬁcient adsorbents assisting in the removal
of toxic metal in the industrial efﬂuents and aquatic ecosys-
tems. A single volume of the adsorbent is capable of removing
completely at least 2.45 mmol g1 of Pb2+, Mn2+, and Zn2+
as observed for NONAPS curves, see Fig. 5b. The values for
divalent metals adsorption in packed column were similar to
values obtained in batch experiments for three systems, see Ta-
ble 4. The Adams-Bohart equation has been successfully em-
ployed to explain several adsorption processes in dynamic
conditions with different adsorbents and adsorbates (Malkoc
et al., 2006; Padmesh et al., 2005).
Adams-Bohart equation with fundamentals on the reac-
tions on surfaces of matrix adsorbent and non-spontaneity in
the equilibrium of reactions in the adsorbent surface; accord-
ingly, the rate of the adsorption process is considered propor-
tional to the fraction of adsorption capacity still remaining on
the adsorbent. The Adams–Bohart model (Eq. (18)) is utilized
for the analysis of the initial part of the breakthrough experi-
mental curves (Malkoc et al., 2006).
Ct
C0
¼ exp kABC0t kABN0 Z
U0
 
ð18Þ
where Ct and C0 are the inlet and efﬂuent Pb
2+, Mn2+, and
Zn2+ concentrations (mg dm3), respectively. Z is the height
of the column (cm), U0 is the superﬁcial velocity (cm min
1),
N0 is saturation concentration adopted for this model
(mg dm3), and kAB is the mass-transfer coefﬁcient
(dm3 mg1 min1). The range of t should be considered from
the beginning to the ﬁnal part of the breakthrough. An example
of application of Adams–Bohart model in the non-linear form
was presented in Fig. 5b. The adsorption isotherms of the natu-
S564 D.J.L. Guerra et al.ral andmodiﬁed clay samples are of type S according to the clas-
siﬁcation of isotherms proposed by Ostwald and Izaguirre
(1922), these isotherms are called the Langmuir type, thus they
have one the following characteristics, the solute molecule is
monofunctional and/or has moderate interaction molecular,
causing it to pack vertically in the regular array in the adsorbent
clay surface.
3.6. Thermodynamic of adsorption
The thermodynamic effects were investigated with base in the
thermodynamic cycle (Fig. 6), for this series of adsorptions
involving a suspension (susp) of solid material samples
(NONX) in aqueous (aq) medium with divalent metals (M
n+,
nﬁ 2) can be represented by the following calorimetric reac-
tions (Eqs. (19)–(22)):
NONXðSUSPÞ þMnþðaqÞ ! NONXMnþðSUSPÞ
X
Qt ð19Þ
NONXðsuspÞ þ nH2O! NONX    nH2O
X
Qh ð20Þ
MnþðaqÞ þ nH2O!MnþnH2OðaqÞ
X
Qd ð21Þ
NONXðsuspÞ þMnþðaqÞ ! NONXMnþ
X
Qr ð22Þ
The thermodynamic data for six systems were presented in
Table 4 and the relationship between the enthalpy (DmonH),
entropy (DmonS), and Gibbs free energy (DmonG) is shown in
Fig. 7. From the thermodynamic point of view, the obtained
exothermic and positive entropic values establish the set of
favorable results for the thermodynamics of center interactions
of the adsorbate and adsorbent. Thus, the spontaneity of such
reactions is expressed by the negative Gibbs free energy with a
great contribution of the positive entropy due to the solvent
displacement from the natural and hybrid material samples
and those initially hydrogen bonded to basic and reactive
groups of the attached organic chains, as the nontronite/reac-
tive basic center interactions at the solid/liquid interface
(Guerra et al., 2012, 2013), which data also support the suit-
ability of the two systems in undertaking such a study. The
adsorption results in connection with the thermodynamic data
suggested that these kind of original and hybrid materials
could be applied for the removal of contaminant metals from
aqueous solution and possible application in the industrial
efﬂuents with focus in the hydrodynamics of these efﬂuents.
3.7. Zero charge point
In the silicate layers such as smectite and nontronite, the
framework has a negative charge when Fe2+, Al3+, and
Fe3+ are incorporated in the phyllosilicates structure, which
is compensated in the layer structure by ions, such as H+,
K+, Na+, and/or Ca2+ and in the modiﬁed materials the
decompensation of charges can be attributed to the insertion
of silane molecules in the structure of raw silicate. The charge
zero points for unmodiﬁed and modiﬁed nontronite samples
were determined by values of ro obtained through potentio-
metric titration (Manohar et al., 2006), by using Eq. (23):
r0 ¼ FðCA  CB þ ½OH
  ½HþÞ
SABET
ð23Þ
where F is the Faraday’s constant, CA and CB are the concen-
tration of strong acid or base after each addition duringtitration, [OH] and [H+] are the equilibrium concentrations
of these ions bonded to the surface and SABET is the nontro-
nite surface area. The plots of ro versus pH values for clay
samples are shown in Fig. 8.
The intercept point of ro with pHzpc after APS and divalent
metals interactions indicated that the surface became more
negative. These results are indicative of favorable reactions
for APS molecule immobilizations and for Pb2+, Mn2+, and
Zn2+ ion interactions on the surface of clay and chain of inter-
calated agent, respectively.
4. Summary and conclusions
The development of new adsorbent materials with relatively
low cost and high efﬁciency for the removal of pollutant metals
from groundwater is important for activities where human
health is directly affected by elevated pollutant metal concen-
trations. In this context, the original and modiﬁed nontronite
samples were investigated for the removal of divalent metals
from aqueous solutions in this research as new adsorbents.
(I) The immobilization of the organic molecules onto ferru-
ginous silicate surface was obtained with success though
heterogeneous routes. NON and NONAPS were found to
be good adsorbents for lead, magnesium, and zinc in
drinking water due to the fast adsorption of pollutant
metals.
(II) The adsorption of the metallic ion depended on pH and
shaking contact time. The optimum pH for the adsorption
of the Pb2+, Mn2+, and Zn2+ ions ranged from 5.0 to 6.0
for six systems studied and the minimum sharking contact
time necessary for reaching the equilibrium was about
70 and 90 min, for NONAPS and NON, respectively.
(III) Through calorimetric investigation information about
six systems was obtained, resulting in exothermic
enthalpy, negative Gibbs free energy and positive
entropy. The action of the anion to counterbalance the
electrical charge in the sphere of coordination implies
consideration of solvation energy, lattice energy,
entropy factors and kinetic parameters. However, other
participations also include steric factors, non-bonded
interactions and hydrogen bonding formed. Based on
the series of arguments, the complete understanding of
thermochemical data involves the summary of those dis-
tinct contributions.
(IV) The inﬂuence of divalent metals in the nontronite struc-
ture was observed, the zero were altered in the presence
of divalent metals anchored in the OH and organic chain
on the nontronite surface.Acknowledgements
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